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NOxAbstract A lean-burn internally-staged combustor for low emissions that can be used in civil avi-
ation gas turbines is introduced in this paper. The main stage is designed and optimized in terms of
fuel evaporation ratio, fuel/air pre-mixture uniformity, and particle residence time using commer-
cial computational ﬂuid dynamics (CFD) software. A single-module rectangular combustor is
adopted in performance tests including lean ignition, lean blowout, combustion efﬁciency, emis-
sions, and combustion oscillation using aviation kerosene. Furthermore, nitrogen oxides (NOx)
emission is also predicted using CFD simulation to compare with test results. Under normal inlet
temperature, this combustor can be ignited easily with normal and negative inlet pressures. The lean
blowout fuel/air ratio (LBO FAR) at the idle condition is 0.0049. The fuel split proportions between
the pilot and main stages are determined through balancing emissions, combustion efﬁciency, and
combustion oscillation. Within the landing and take-off (LTO) cycle, this combustor enables 42%
NOx reduction of the standard set by the 6th Committee on Aviation Environmental Protection
(CAEP/6) with high combustion efﬁciency. The maximum board-band pressure oscillations of inlet
air and fuel are below 1% of total pressure during steady-state operations at the LTO cycle speciﬁc
conditions.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Lower emissions have become one of the key characteristics of
advanced civil aviation gas turbine engines over the past30 years.1 A number of new combustor design strategies,
including lean premixed prevaporized (LPP), rich-quench-lean
(RQL), and lean direct injection (LDI),2,3 are being investi-
gated widely in order to meet the more and more stringent
international standards on civil aviation engine emissions set
by the International Civil Aviation Organization (ICAO). All
the standards, including CAEP/2 (Committee on Aviation
Environmental Protection), CAEP/4, CAEP/6, and CAEP/8,
demand reducing emission of NOx without increasing emis-
sions of carbon monoxide (CO), unburned hydrocarbon
(HC), and smoke, and CAEP/6 standard is working for
engines of a type or model of which the date of manufacture
of the ﬁrst individual production model is after December
Fig. 1 Schematic of the internally-staged combustor.
Table 1 Parameters of the pilot swirl cup.
Parameter Value
Primary swirler air (%) 40
Secondary swirler air (%) 60
Primary SN 0.85
Secondary SN 0.62
Primary swirler rotating direction Clockwise
Pressure swirl atomizer FN (kg/(hÆMPa0.5)) 25
Spray rotating direction Clockwise
Spray angle () (Dpf = 1.0 MPa) 75
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emissions levels below 50% of international standards for get-
ting commercial success, which brings great challenges to the
development of ultra-low emission combustors.
In the design of ultra-low emission combustors, lean-burn
technology holds the potential of reducing NOx emissions as
compared to rich-burn technology, especially at a high opera-
tion pressure ratio (OPR).5 Low emission combustors adopt-
ing lean-burn technology combined with an internally-staged
concept have been developed in the past 15 years, including
the twin annular premixing swirler (TAPS) combustor by Gen-
eral Electric (GE),6 the lean-burn combustor by Rolls-Royce
(RR),7,8 and the lean staged combustor by Kawasaki Heavy
Industries (KHI).9,10 The TAPS combustor has been used in
the GEnx-1B/2B engines with NOx levels 52% below CAEP/
6 standard while maintaining good CO, HC, and smoke
emissions.11
In this paper, a novel lean-burn internally-staged combus-
tor with low emissions is designed beginning with a mountain
of CFD (Computational Fluid Dynamics) simulation work to
design and optimize the main stage used as the fuel/air premix-
ing device. Using a single-module rectangular combustor, the
combustion performance is systemically investigated experi-
mentally, including the lean ignition performance under
normal and negative inlet pressures, the lean blowout
performance at the idle condition, the gas emissions and smoke
emission under the conditions of raised inlet temperatures and
pressures, as well as combustion efﬁciency and combustion
oscillation. The fuel split proportions between the two stages
are also studied experimentally. The present work also includes
numerical simulations to predict NOx emission to compare
with the test results.
2. The combustor design
2.1. General design
The internally-staged combustor is a single annular layout,
and the dome is comprised of two stages – the pilot stage
and the main stage. The pilot stage is located in the centerline
of the combustion chamber and the main stage surrounds
coaxially the pilot stage. The pilot stage adopting a diffusion
ﬂame is used for easy and reliable light-off during ground
starting, rapid relighting of the combustor after a ﬂameout
in ﬁght, extending lean blowout limits, increasing combustion
efﬁciency at low power conditions, and reliably igniting the
main stage fuel/air pre-mixture at high power conditions.
The main stage adopting a premixed ﬂame is used to reduce
NOx emission at high power conditions.
12 Fig. 1 shows the
schematic of the internally-staged combustor.
Lean-burn technology is used in the combustor design for
its great advantage in reducing NOx emission. In the aerother-
modynamics design, the combustion equivalence ratio is 0.67
under the take-off condition which is chosen as the design
point with the total air ﬂow rate through the pilot and main
stages being 64%Wa (where Wa is the liner total air ﬂow rate).
To improve the margins on lean blowout and combustion efﬁ-
ciency at low power conditions, the pilot stage local equiva-
lence ratio is 2.0 under the idle condition with the total air
ﬂow rate through the pilot stage being 10.7%Wa. Another
4.5%Wa is used to cool the dome of the combustor and theremaining 31.5%Wa is used as the liner wall cooling air and
the dilution air.
2.2. The pilot stage design
The pilot stage is a typical swirl cup design which refers to the
CFM56 engines swirl cup studied in Refs.13,14. A pressure swirl
atomizer with dual counter-rotating radial swirlers is used to
atomize the fuel. The formation of a central recirculation zone,
the prevention of fuel coking, and the spray quality and distri-
bution are concerned in the design of the pilot swirl cup. The
parameters of the pilot swirl cup following our previous rele-
vant study are shown in Table 1. In Table 1, SN is the swirl
number, FN is the ﬂow number, Dpf is the fuel nozzle pressure
drop, and the rotating direction is deﬁned as looking down-
stream from the incoming ﬂow direction.
2.3. The main stage design
The main stage includes one annulus as premixer formed by
two steel pipes of different radii, and there are a number of fuel
oriﬁces drilled circumferentially in a single row which inject the
fuel radially outward into the annulus passage. In order to
improve the fuel/air mixing level, each fuel oriﬁce is sur-
rounded by a tube with straight holes, and the air through
the holes advantages atomizing the fuel. There are a number
of straight and inclined holes on the annular surfaces and
the dome of the main stage. Furthermore, the air injected
through the inclined holes can form swirl within the annulus
passage, and hence the fuel can be premixed with air and prev-
aporized in the annulus passage. Fig. 2 shows the schematic of
the main stage.
2.4. Numerical study of the main stage
The main stage is used to premix fuel with air before entering
into the chamber to lead a premixed ﬂame to lower NOx
Fig. 2 Schematic of the main stage.
Fig. 3 Numerical ﬂuid domain of the main stage.
Fig. 4 Fuel vapor mass fraction contour and fuel vapor mass
fraction deviation contour at the main stage exit.
490 Z. Fu et al.emission, so a high level of fuel/air mixing is required in the
design of the main stage with reducing the risks of auto-igni-
tion and ﬂashback.15 A mountain of CFD effort are done to
design and optimize the main stage through studying fuel
evaporation ratio, fuel/air mixture uniformity level at the exit,
and particle residence time in the annulus passage. The param-
eters of the main stage studied numerically include the air dis-
tribution between air inﬂow holes, the layout of air inﬂow
holes, the total air swirl strength, the exit air mean velocity,
the locations and number of fuel oriﬁces.
A commercial CFD code, ANSYS13.0, is used in the
numerical study. In order to improve the mesh quality and
to decrease the mesh quantity, a sector part corresponding to
a fuel oriﬁce is modeled as the ﬂuid domain as shown in Fig. 3.
The mesh is generated using unstructured grids through
ICEM with the quantity exceeding 2.4 million. A mass ﬂow
inlet and a pressure outlet are adopted, and the rotational peri-
odic boundary conditions are selected with inlet total pressure
p31
* = 3200520 Pa, inlet total temperature T3
* = 847.2 K, liner
air pressure drop (p31
*  p4*)/p31* = 3.16% (where p4* is the out-
let total pressure), and the main stage local equivalence ratio
Um = 0.701 based on the take-off condition. The commercial
FLUENT solver is used to simulate the ﬂow ﬁeld and the sprayTable 2 Parameters of the chosen main stage.
Parameter Value
Dome air (%) 24
Inner air (%) 27
Outer air (%) 36.6
Atomization air (%) 12.4
Annulus exit SN 0.526
Annulus exit air mean velocity (m/s) 86.3
Annulus exit air rotating direction Counterclockwise
Fuel oriﬁces number 12
Axial distance between fuel oriﬁces and
exit (mm)
21ﬁeld with the standard k-e model for turbulence and the dis-
crete phase for spray referring to Refs.16,17.
The ﬁnal case of the main stage is chosen by balancing fuel
evaporation ratio, fuel/air mixture uniformity level at the exit,
and particle residence time in the annulus passage based on the
numerical results. Uniform fuel–air mixture at the exit, high
fuel evaporation ratio, and short particle residence time are
expected, and the parameters of the main stage chosen are
shown in Table 2. The holes on the dome are straight and
the holes on the annulus inner and outer surfaces are inclined
with the tangential angle being 50.
The numerical results of the chosen main stage are shown
as follows. Fig. 4 shows the fuel vapor mass fraction contour
and the fuel vapor mass fraction deviation contour at the main
stage exit. Quantitative statistics is calculated in CFD-Post
including the fuel evaporation ratio being 87.1% and the fuel
vapor mean mass fraction being 0.0412 with the mean square
error being 0.0129. The value of the fuel vapor mass fraction
mean square error divided by the mean mass fraction is 0.31,
and the maximum positive and negative values are 0.549 and
0.668, respectively, as seen in Fig. 4(b).
Fig. 5 shows the numerical particle traces. Particle traces
are colored by particle residence time in the annulus passage.
The auto-ignition delay time of the main stage fuel/air pre-
mixture is predicted using the Chemkin software. Under the
boundary conditions in CFD simulations mentioned above,
the auto-ignition delay time is predicted as 1.05 ms. As shown
in Fig. 5, the maximum particle residence time is about 0.6 ms
for the chosen main stage which is 40% below the predicted
auto-ignition delay time.
2.5. The module test combustor
A single rectangular combustor is designed and machined for
the performance tests. There is no dilution air hole on the test
combustor, and the air through dilution air holes in the aero-
thermodynamics design is used for cooling the liner side walls.
Fig. 5 Particle residence time in the annulus passage.
Fig. 6 Photo of the single-module test combustor.
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test combustor. Fig. 6 is a photo of the test combustor.
3. Experimental system
A schematic of the test facility is shown in Fig. 7. It includes an
air delivery system, a fuel system, a control system, and aFig. 7 Schematic omeasurement system. The largest operation parameters for
the test rig are p31
* = 2.5 MPa, T3
* = 700 K, and Wa = 2.5 -
kg/s. The measurement system mainly focuses on air ﬂow
parameters, fuel ﬂow, gas emissions, smoke emission, and
pressure oscillations. The measuring precisions of the air ori-
ﬁce plate meter and the fuel coriolis mass ﬂowmeter are both
±0.5%. The relative error of the calculated fuel/air ratio
(FAR) is around 1.5%.
Gas emissions including CO, CO2, H2O, HC, and NOx are
tested through the speciﬁed gas emission analyzers with 1%
measurement precision, which are qualiﬁed to meet the mea-
surement standards set by ICAO. A water-cooling sample
probe with 10 quick-quenching points is designed and used
in the emissions tests. Smoke emission is collected through a
home-made test rig based on the introduction of a smoke ana-
lytical system in Ref.4, and a photovoltaic model 577 reﬂec-
tometer up to USA No. PH2.17/1977 standard is used to
measure smoke reﬂectivity. The emission index (EI) of gas
emissions and smoke number are calculated based on the for-
mulas provided in Ref.4 while combustion efﬁciency is calcu-
lated using the gas analytical method. The calculated relative
errors of EI and combustion efﬁciency are around 0.71%
and 0.08%, respectively.
4. Experimental results and analysis
4.1. Lean ignition
Under normal inlet temperature, the lean ignition performance
is conducted with normal and negative inlet pressures. Exper-
imentally, a surface-discharge igniter is used in conjunction
with a high-energy ignition unit of 12 J, and the sparking rate
is about 2.5/s. A K-type thermocouple installed behind the
liner exit is used to determine ignition successful or not. Under
a certain liner air pressure drop condition, the igniter is turned
on followed by a preset value of the fuel ﬂow rate. If the liner
exit temperature could increase obviously in 5 s ignition time
and maintain a high temperature level after turning off the
igniter within a long time, a successful ignition is considered
to get with the ignition FAR deduced through the air and fuel
ﬂow rates. Only the pilot pressure swirl atomizer is operated in
the ignition test. Fig. 8(a) maps the ignition test conducted
with normal inlet pressure at varying sets of FAR and linerf the test facility.
Fig. 8 FAR as a function of liner air pressure drop with normal
inlet pressure and 0.03 MPa inlet pressure.




Idle 0.55 511 0.0150
Approach 1.22 638 0.0166
Climb 3.03 827 0.0268
Take-oﬀ 3.45 859 0.0290




Idle 0.55 511 0.0150
Approach 1.22 638 0.0166
Climb 1.80 620 0.0268
Take-oﬀ 2.10 650 0.0290
492 Z. Fu et al.air pressure drop, and Fig. 8(b) maps the ignition test con-
ducted with 0.03 MPa inlet pressure.
It is seen from Fig. 8(a) that for this combustor, with nor-
mal inlet pressure, easy and reliable light-up can be achieved
under the test conditions of 0.5%–5.0% liner air pressure drop
with the minimum lean light-off fuel/air ratio (LLO FAR) less
than 0.025, and even the minimum LLO FAR is about 0.01
within 2.0%–3.5% liner air pressure drop. In general, when
the air pressure drop is below 2%, the LLO FAR increases
with decreasing air pressure drop. On the other hand, when
the air pressure drop exceeds 3.5%, the LLO FAR increases
with increasing air pressure drop. When the liner air pressure
drop is below 2%, the low fuel pressure drop along with the
weak aerodynamic force due to reduced air pressure drop lead
to increase spray Sauter mean diameter (SMD). As such, the
LLO FAR increases with decreasing air pressure drop. When
the air pressure drop exceeds 3.5%, the variation of spray
SMD with air pressure drop is insigniﬁcant. In addition, the
air velocity in the chamber is rather high because of high air
pressure drop, which makes the propagation of the ignition
kernel to the recirculation zone and ﬂame stabilization more
difﬁcult.12
As shown in Fig. 8(b), with 0.03 MPa inlet pressure, the
minimum LLO FAR gets larger compared to that with normal
inlet pressure but is still less than 0.03 within 0.5%–1.5% liner
air pressure drop. Compared to normal inlet pressure, the mass
ﬂow rate of air is much smaller under the same liner air pres-
sure drop with 0.03 MPa inlet pressure, which decreases obvi-
ously fuel pressure drop at the same FAR and aerodynamicforce, and the resulted spray SMD increase makes a successful
ignition more difﬁcult.
4.2. Lean blowout
Under the idle condition with p31
* = 0.55 MPa, T3
* = 511 K,
and FAR= 0.015, the lean blowout performance test is con-
ducted. In the test, with keepingWa and T3
* constant, a K-type
thermocouple is used to measure the liner exit temperature for
determining lean blowout through reducing the fuel ﬂow. For
a steady-state ﬂame, with reducing the fuel ﬂow slightly to a
lower fuel/air ratio, if the liner exit temperature is constant
and much higher than the inlet temperature, it is thought that
the ﬂame is away from lean blowout, and continue to lower the
fuel ﬂow slightly until the liner exit temperature falls sharply to
the inlet temperature, which is regarded as a lean blowout
moment. The LBO FAR is calculated based on the fuel and
air ﬂow rates at the blowout moment. The LBO FAR at the
idle condition is 0.0049.
4.3. Emissions
The gas emissions and smoke emission are measured under the
typical conditions in the LTO cycle, including the idle,
approach, climb, and take-off phases of the engine operation.
The parameters of the typical conditions are calculated based
on an imaginary aviation engine with OPR= 34 and rated
output Foo = 142 kN. The parameters of the operation condi-
tions are shown in Table 3.
Considering the ability of the test rig, the emission perfor-
mance tests under the climb and take-off conditions are hardly
possible to be conducted. Reducing p31
* and T3
* is necessary to
proceed the tests with keeping ﬂow condition constant for the

















* are the operation condition parameters and
Wat, pt
*, Tt
* are the test condition parameters. The parameters
of the test conditions are shown in Table 4.
In the tests, only the pilot pressure swirl atomizer is oper-
ated under the idle condition, and the pilot atomizer is
Fig. 9 EI NOx and combustion efﬁciency at varying fuel splits
proportions.
Fig. 10 The maximum relative pressure ﬂuctuations at varying
fuel split proportions.
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climb and take-off conditions. However, two operation modes
are tested under the approach condition, including only the
pilot operation mode (OPM) and the two stages operation
mode (TSM) with the main stage circumferentially-staged in
the full annular combustor. The TSM means that for the full
annular combustor neighboring two domes, one dome is oper-
ated with the pilot alone and the other is operated with the two
stages together, and the pilot fuel ﬂow rates are equal for the
two domes. In order to study the TSM with a single-module
combustor, two tests are operated to simulate the pilot opera-
tion alone dome and the two stages operation together dome
with the same p31
* , T3
*, (p31
*  p4*)/p31* , and the emission results
are calculated with the mass-weighted average method without
considering the aspects of the turbulent combustion interac-
tion between the two neighboring domes.
In order to achieve better comprehensive combustion per-
formances including emissions, combustion efﬁciency, and
combustion oscillation, the fuel split proportions between the
two stages are studied ﬁrstly in the test. Under the test climb
condition, varying fuel split proportions are studied experi-
mentally. Fig. 9 maps EI NOx and combustion efﬁciency at
varying fuel splits proportions with p31
* = 1.8 MPa,
T3
* = 620 K, FAR= 0.0268.
Fig. 9 shows that EI NOx decreases gradually from 14.3 to
6.0 with combustion efﬁciency decreasing gradually from
99.96% to 99.71% when the pilot stage fuel split proportion
decreases from 25% to 10% under the test climb condition.
For a gas turbine combustor, most of NOx is formed through
thermal mechanisms because of the very high temperature con-
dition.18 With the pilot stage fuel split proportion decreasing,
more fuel is premixed with the main stage air to form fuel/
air mixture for lean premixed combustion, which makes theTable 5 The emission test results.
Parameter Idle Approa
OPM
EI NOx (g/kg) 6.860 14.829
EI CO (g/kg) 20.412 1.221
EI HC (g/kg) 2.340 2.535
Smoke number 0.868 1.193
Combustion eﬃciency (%) 99.256 99.679temperature distribution more uniform and local higher tem-
perature region smaller in the combustion zone, and NOx
emission would be reduced vastly.
Although EI NOx is the lowest at 10% pilot stage fuel split
proportion, the maximum board-band pressure oscillations
p0max of the inlet air and the main stage fuel both exceed the
limited value of 1% total pressure. The pilot stage fuel split
proportion at the climb and take-off conditions is ﬁnally cho-
sen as 14.5%. The fuel split proportion is also optimized for
the approach condition with the TSM, and the ﬁnal pilot stage
fuel split proportion is chosen as 38.0% for the two neighbor-
ing domes. The emission test results under the four test condi-
tions are shown in Table 5.
It is seen from Table 5 that combustion efﬁciencies are high
under all the four conditions with ultra-low smoke emission,
and for the approach condition, the TSM EI NOx is reduced
by 21.6% compared to that of the OPM with a slight reduction
of combustion efﬁciency. For the OPM, NOx emission would
be much greater due to the diffusion combustion with a higher
total FAR in the local combustion zone. However, for the
TSM, the dome operating with the two stages together would
form much less NOx emission for the lean premixed combus-
tion of most fuel, while the other dome operating with the pilot
alone would also form much less NOx emission because of the
much lower total FAR in the local combustion zone. In order
to predict NOx emission under the true operating climb and
take-off conditions shown in Table 3, the numerical method
is adopted to simulate NOx emission in another section below.
4.4. Combustion oscillation
Combustion oscillations are likely to occur in lean-premixed







Fig. 11 Simulation temperature contour and mass fraction of
NOx contour for the test take-off condition.
Table 7 NOx simulation results under the test climb and take-
off conditions.






Test climb 5.750 7.446 22.80
Test take-oﬀ 7.614 9.669 21.25
494 Z. Fu et al.experiences as mentioned in Ref.19. It is necessary to monitor
combustion oscillations for the lean-burn internally-staged
combustor adopting LPP technology. The board-band pres-
sure oscillations of inlet air and two stages fuel are used to
characterize combustion oscillations. The pressure ﬂuctuations
of inlet air and two stages fuel are measured using the
M111A24 dynamic pressure transducers. The board-band
pressure oscillations are calculated through transforming mea-
sured original time-domain signals to frequency-domain sig-
nals using the fast Fourier transform (FFT) method. Under
the test climb condition, the pressure ﬂuctuations with varying
fuel split proportions are measured. Fig. 10 maps the maxi-
mum relative pressures ﬂuctuation p0max/p
*(where p* is the
total pressure) at varying fuel split proportions.
Fig. 10 shows that p0max/p
* of inlet air and two stages fuel
increase gradually with the pilot stage fuel split proportion
decreasing from 25% to 10% under the test climb condition
with p31
* = 1.8 MPa, T3
*=620 K, FAR= 0.0268. When the
pilot stage fuel split proportion decreases to 10%, p0max/p
* of
inlet air and the main stage fuel exceed the limited value of
1.0%. With the pilot stage fuel split proportion decreasing,
more fuel is premixed with the main stage air for lean premixed
combustion to get more uniform temperature distribution,
which would make the ﬂame stability worse. Meanwhile, the
probability of lean blowout and re-ignition in local regions
would become greater, which brings much more and higher
pressure ﬂuctuations.19 The board-band pressure oscillations
of inlet air and two stages fuel under the four typical condi-
tions are shown in Table 6.
5. CFD–NOx simulation
In order to get the total NOx emission level in the LTO cycle
for the lean-burn internally-staged combustor, the commercial
FLUENT solver is used to simulate NOx emission under the
true operating climb and take-off conditions. The current sim-
ulation model is a simpliﬁed main-stage combustor, and the
main stage is simpliﬁed as an annular model with the inside
and outside diameters being respectively equal to those of
the actual main stage exit.
The standard k-e model for turbulence and a partially pre-
mixed combustion model for combustion are selected to simu-
late the reacting ﬂow ﬁeld, and the pilot stage adopting a
discrete phase uses the ﬂamelet model while the main stage spe-
cies is set as uniform fuel/air mixture. The post-processing
method based on the reacting ﬂow ﬁeld is used to simulate
NOx emission with a thermal NOx model. As the ﬁrst step
towards the numerical research of NOx emission simulation,
the test climb and take-off condition parameters are used to
simulate NOx emission for learning NOx numerical simulation
errors through comparing CFD results with test results.
Fig. 11 shows the simulation temperature contour and theTable 6 The combustion oscillation test results.
Parameter Idle Approach
OPM
Pilot stage fuel (%) 0.049 0.107
Main stage fuel (%)
Inlet air (%) 0.094 0.129NOx mass fraction contour under the test take-off condition,
respectively. NOx simulation results under the test climb and
take-off conditions are shown in Table 7.
It is seen from Table 7 that CFD simulation results of NOx
emission are about 22% below the test results under the test
climb and take-off conditions. In addition to the CFD internal
error, the uniform fuel/air mixture set for the main stage and
only the thermal NOx model selected for CFD NOx simulation
which are not in absolute accord with the real situation maybe
result in the dominating numerical errors. The same models
and empirical coefﬁcients settings are used to simulate NOx
emission under the true operating climb and take-off condi-
tions just changing p31
* , T3
*, Wa, Wf (where Wf is the fuel ﬂow
rate) compared to the test climb and take-off conditions simu-
lations. The CFD simulation relative errors are considered
constant for the reacting ﬂow ﬁeld self-modeling under the
climb and take-off conditions, so NOx prediction results under





Table 8 NOx prediction results under the true operating climb
and take-off conditions.






Test climb 12.836 22.80 16.627
Test take-oﬀ 16.351 21.25 20.763
Experimental and numerical studies of a lean-burn internally-staged combustor 495based on CFD simulation results and relative errors shown in
Table 7. NOx prediction results under the true operating climb
and take-off conditions are shown in Table 8.
6. Emissions in the LTO cycle
The emission standards set by ICAO cover the take-off, climb,
approach, and idle phases of the engine operation in the LTO
cycle. For the designed lean-burn internally-staged combustor,
the total emission levels of CO and HC in the LTO cycle are
calculated based on the test results without considering varia-
tions under the true operating climb and take-off conditions.
The total emission level of NOx in the LTO cycle is calculated
based on the test results under the idle and approach condi-
tions and the CFD prediction results under the true operating
climb and take-off conditions. Based on the ICAO regulations4Table 9 The gas emission indexes for CAEP/6 standard.
Index CO UHC NOx
EI (g/kg) 118 19.6 66.96
Fig. 12 Gas emissions against CAEP/6 with the OPM and the
TSM under the approach condition.and the aviation engine with OPR= 34, the gas emission
indexes for CAEP/6 standard are shown in Table 9.
Fig. 12 shows gas emissions against CAEP/6 standard with
the OPM and the TSM under the approach condition,
respectively.
It is seen from Fig. 12 that 39% NOx emission reduction
against CAEP/6 has been demonstrated by the combustor with
the OPM under the approach condition, and another 3%
reduction is obtained with the TSM under the approach con-
dition. Meanwhile, the climb condition has the largest NOx
emission proportion with the idle condition having the second
largest NOx emission proportion in the LTO cycle. More than
70% CO emission reduction against CAEP/6 has been demon-
strated with the vast majority produced at the idle condition.
About 70% HC emission reduction against CAEP/6 has been
demonstrated with the majority produced at the idle and
approach conditions. There are no obvious differences
between the two operation modes under the approach condi-
tion for CO and HC emissions.7. Conclusions
A lean-burn internally-staged combustor for low emissions is
designed and studied experimentally and numerically. The
main stage is designed and optimized through CFD simula-
tion for getting high fuel evaporation ratio, uniform fuel/air
pre-mixture, and short particle residence time. The combus-
tor performances including lean ignition, lean blow-out,
emissions, combustion efﬁciency, and combustion oscillation
are tested. Meanwhile, NOx emission is predicted through
CFD simulation to compare with the test results. The con-
clusions from the present efforts can be summarized as
follows:
(1) The lean-burn internally-staged combustor can be
ignited easily with normal and negative inlet pressures.
The lean blowout fuel/air ratio at the idle condition is
0.0049.
(2) 70% CO and HC emission reduction against CAEP/6
standard is demonstrated experimentally with high com-
bustion efﬁciencies, and 42% NOx emission reduction
against CAEP/6 standard can be obtained with little
smoke in the LTO cycle.
(3) The fuel split proportions between the two stages can be
determined through balancing the comprehensive com-
bustion performances including emissions, combustion
efﬁciency, and combustion oscillation.
(4) Under the chosen fuel split proportions, the combustor
is operating stably with the maximum board-band pres-
sure oscillations of inlet air and two stages fuel below
1% of total pressure.
(5) CFD simulation for the main stage design and optimiza-
tion is effective because there are no auto-ignition and
ﬂashback conditions occurring in all the tests.
(6) For achieving 50% NOx emission reduction against
CAEP/6 standard, in addition to increasing the main
stage fuel/air mixing level for reducing NOx emission
at high power conditions, improving and optimizing
the pilot NOx emission characteristic are also intended
for reducing NOx emission under the idle condition in
the future.
496 Z. Fu et al.References
1. Mongia HC, Dodds W. Low emissions propulsion engine com-
bustor technology evolution past, present and future. In: Proceed-
ing of the 24th congress of international council of the aeronautical
sciences; 2004.
2. Lee CM, Chang CT, Herbon JT, Kramer SK. NASA project
develops next generation low-emissions combustor technologies.
In: Proceeding of the 51st AIAA aerospace sciences meeting and
exhibit; 2013.
3. Jin Y, He XM, Zhang JY, Jing B, Wu ZJ. Experimental study on
emission performance of an LPP/TVC. Chin J Aeronaut
2012;25(3):335–41.
4. International Civil Aviation Organization. International standards
and recommended practices environmental protection, annex 16,
to the convention on international civil aviation, volume II,
aviation engine emissions. Montreall: ICAO; 2005.
5. Committee on Aviation Environmental Protection. Report of the
independent experts to CAEP8 on the second NOx review & long
term technology goals, CAEP/8-WP/10. London: CAEP; 2010.
6. Mongia HC. TAPS – a 4th generation propulsion combustor
technology for low emissions. In: Proceeding of the 41st AIAA
aerospace sciences meeting and exhibit; 2003.
7. Lazik W, Doerr T, Bake B. Low NOx combustor development for
the engine3E core engine demonstrator. In: Proceeding of the 18th
international society for air breathing engines; 2007.
8. Lazik W, Doerr T, Bake S, vd Bank R, Rackwitz L. Development
of lean-burn low-NOx combustion technology at Rolls-Royce
Deutschland. In: Proceeding of the ASME turbo expo 2008
combustion, fuels, and emissions conference; 2008.
9. Yamamoto T, Shimodaira K, Kurosawa Y, Mastuura K, Iino J,
Yoshida S. Research and development of staged fuel nozzle for
aero-engine. In: Proceeding of the ASME turbo expo 2009
combustion, fuels, and emissions conference; 2009.
10. Matsuyama R, Kobayashi M, Ogata H, Horikawa A, Kinoshita
Y. Development of a lean staged combustor for small aero-
engines. In: Proceeding of the ASME turbo expo 2012 combustion,
fuels, and emissions conference; 2012.
11. Foust MJ, Thomsen D, Stickles R, Cooper C, Dodds W.
Development of the GE Aviation low emissions TAPS combustorfor next generation aircraft engines. In: Proceeding of the 50th
AIAA aerospace sciences meeting and exhibit; 2012.
12. Fu ZB, Li JB, Lin YZ, Sung CJ. Experimental investigation on
ignition performance of LESS combustor. In: Proceeding of the
ASME turbo expo 2011 combustion, fuels, and emissions confer-
ence; 2011.
13. Mongia HC, AI-Roub M, Danis A, Elliot-Lewis D, Jeng SM,
Johnson A, et al. Swirl cup modeling part 1. In: Proceeding of the
39th AIAA aerospace sciences meeting and exhibit; 2001.
14. Giridharan MG, Mongia HC, Jeng SM. Swirl cup modeling – part
VIII: spray combustion in CFM-56 single cup ﬂame tube. In:
Proceeding of the 41st AIAA aerospace sciences meeting and
exhibit; 2003.
15. Mongia HC. Engineering aspects of complex gas turbine combus-
tion mixers part V: 40 OPR. In: Proceeding of the 49th AIAA
aerospace sciences meeting and exhibit; 2011.
16. Rudolph D, Bob R, Khosro M. Integrated process for CFD
modeling and optimization of gas turbine combustors. In:
Proceeding of the ASME turbo expo 2004 combustion, fuels, and
emissions conference; 2004.
17. Sen BA, Guo YH, McKinney RG, Montanari F, Bedford FC.
Pratt & Whitney gas turbine combustor design using ANSYS
FLUENT and user deﬁned functions. In: Proceeding of the ASME
turbo expo 2012 combustion, fuels, and emissions conference; 2012.
18. Lefebvre AH. Gas turbine combustion. 2nd ed. Philadelphia: Tay-
lor & Francis Press; 1999.
19. Lieuwen TC, Yang V. Combustion instabilities in gas turbine
engines: operational experience, fundamental mechanisms, and
modeling. Reston: American Institute of Aeronautics and Astro-
nautics Inc.; 2005.
Fu Zhenbo received his B.S. degree from Shandong University in 2008
and then became a Ph.D. candidate majoring in Aerospace Propulsion
Theory and Engineering at Beihang University. His main research
interest focuses on aero-engine low-emission combustion techniques
and combustor design.
Lin Yuzhen received his B.S., M.S., and Ph.D. degrees from Beihang
University in 1991, 1994, and 1997, respectively, and is currently a
professor at Beihang University. His main research interest focuses on
aero-engine combustion and heat transfer theories.
